The aim of this work was the optimization of the enzyme hydrolysis of potato peel residues (PPR) for bioethanol production. The process included a pretreatment step followed by an enzyme hydrolysis using crude enzyme system composed of cellulase, amylase and hemicellulase, produced by a mixed culture of Aspergillus niger and Trichoderma reesei. Hydrothermal, alkali and acid pretreatments were considered with regards to the enhancement of enzyme hydrolysis of potato peel residues. The obtained results showed that hydrothermal pretreatment lead to a higher enzyme hydrolysis yield compared to both acid and alkali pretreatments. Enzyme hydrolysis was also optimized for parameters such as temperature, pH, substrate loading and surfactant loading using a response surface methodology. Under optimized conditions, 77 g L 21 of reducing sugars were obtained. Yeast fermentation of the released reducing sugars led to an ethanol titer of 30 g L 21 after supplementation of the culture medium with ammonium sulfate. Moreover, a comparative study between acid and enzyme hydrolysis of potato peel residues was investigated. Results showed that enzyme hydrolysis offers higher yield of bioethanol production than acid hydrolysis. These results highlight the potential of second generation bioethanol production from potato peel residues treated with onsite produced hydrolytic enzymes.
Introduction
Nowadays, the potential use of lignocellulosic biomass for bioethanol production attracts much attention. 1 In 2014, worldwide bioethanol production hit a record 92 billion liters. [2] [3] [4] The most commonly used lignocellulosic substrates for bioethanol production are sugarcane and corn. 5, 6 However, these materials are high value-added products and are considered as food sources. In fact, bio-refinery industries are seeking alternative non-edible and cheaper biological materials such as abundantly available agricultural feedstock or by-products to fulfill the global bioethanol demand. 7 In this study, we studied potato peel residue (PPR) as an advantageous bio-energy source that could be exploited for bioethanol production as it contains high amounts of starch and cellulose. 8 Worldwide potato production was estimated to 350 million tons in 2012. 9 During industrial processing of potatoes, 40% of the potatoes are wasted, principally as peel. 7 Statistics estimate that nearly two million tons of potato peel are generated per year from potato processing. 9 PPR were incorporated in some animal feed formulation.
cellulose, starch, and hemicellulose, the main components of the matrix, cannot be metabolized directly by microorganisms and converted to bioethanol. The material must first be hydrolyzed to fermentable sugars by enzyme or acid catalysis. Enzyme hydrolysis is claimed to be an appropriate method for the conversion of lignocellulosic biomass into bioethanol since it affords numerous advantages such as mild reaction conditions and high yield without producing toxic byproducts. 15 Agricultural feedstocks and byproducts are composed of polysaccharide polymers that are stubborn to microbial degradation. In addition, these polysaccharides are associated with lignin, which acts as a physical barrier that protects polysaccharides from enzyme action. 16 Therefore, prior to enzyme hydrolysis, a pretreatment step is mandatory to modify the structure of the lignocellulosic matrix and make it more accessible to the enzymes. Pretreatments aim to depolymerize lignin, increase the porosity of the matrix, solubilize hemicellulose and starch, decrease cellulose crystallinity, and consequently increase its digestibility. 17, 18 Various pretreatment methods, such as ammonia fiber explosion, acid pretreatment, and steam explosion, have been reported. 19 However, the choice of the pretreatment method is of high importance and must take into account the following requirements: (1) it must improve the enzymatic conversion of carbohydrates into fermentable sugars;(2) there should be little or no degradation or loss of carbohydrates during the pretreatment;(3) there should be no generation of toxic compounds that could inhibit subsequent enzyme hydrolysis and fermentation processes; and (4) it should be inexpensive. Enzyme hydrolysis of the pretreated biomass aims to convert carbohydrate polymers into fermentable monomer sugars. The efficiency of enzyme hydrolysis is governed by several process parameters such as substrate loading, reaction time, pH, or temperature. 20 Because the effects of these parameters are correlated, optimization of enzyme hydrolysis conditions is a key factor to improving process efficiency. Optimization of factors independently is considered as a laborious and time-consuming approach. An alternative method based on the use of response surface methodology (RSM) is considered a better approach for optimization studies. RSM is a statistical method that analyzes the effect of multiple factors individually or in combination in a minimal number of experiments. It is an efficient approach that could be applied to optimize the enzyme hydrolysis of lignocellulosic substrates. 21, 22 A survey of recent literature showed that data on the production of bioethanol from PPR is rather scarce. Therefore, the aim of the present study was to develop a useful strategy using RSM to optimize pretreatment of PPR and enzyme hydrolysis process by a crude enzyme system produced by a mixed culture of Aspergillus niger and Trichoderma reesei in order to valorize PPR as a substrate for bioethanol production.
Materials and Methods

Collection of PPR
PPR was collected from local restaurants in Tunis (Tunisia). They were washed with water to remove undesirable particles and dried in a forced-air oven at 458C until a constant weight was obtained followed by milling in a home processor. It was stored at room temperature until further use.
Microorganisms
T. reesei strain DSMZ 970 and A. niger strain ATCC 16404 were grown on potato dextrose agar (Biokar, France). After incubation at 308C for 5 days, spores obtained were resuspended in sterile distilled water containing 0.1% (v/v) tween 80. A commercial bakery strain of Saccharomyces cerevisiae(La Pâtissi ere, Tunisia) was used for the fermentation step and bioethanol production. The strain was preserved on yeast extract agar at 48C until further use.
Production of crude enzyme
In 250 mL Erlenmeyer flasks, 30 g PPR was moistened with distilled water to obtain a final moisture content of 70%. The mixture was sterilized at 1208C for 15 min, cooled, and then inoculated with 10 3 spores/mL of both T. reesei and A. niger strains. Cultures were maintained at 308C for 4 days in a bacteriological incubator. Further, 10 mL of distilled water was added to the fermented mash before being stirred in a rotary shaker at 100 rpm for 1 h and centrifuged at 3000g for 10 min at 48C. The resulting supernatant, containing cellulase, hemicellulase, and amylase, was used as a crude enzyme extract to convert complex carbohydrates (i.e., cellulose, hemicellulose, and starch) into fermentable sugars.
Pretreatment of PPR
PPR was subjected to three different pretreatments as follows: acid, alkali, and hydrothermal pretreatment and an untreated sample was used as a control. The choice of these pretreatment conditions is based on previous studies. [23] [24] [25] The residue was dispersed separately in distilled water, 1% (v/v) sulfuric acid (H 2 SO 4 ) solution, or 1% (w/v) sodium hydroxide (NaOH) solution at a solid to liquid ratio of 1:10 before being heated at 1218C for 30 min. Further, the pH of acid and alkali pretreated samples was adjusted to 7, filtered, and rinsed with distilled water to remove chemical residues. Finally, all the samples were dried in an oven at 408C until a constant weight was obtained.
Enzyme hydrolysis of PPR
Effect of Pretreatment on Enzyme Hydrolysis. Hydrolysis experiments were conducted in 150 mL stopper conical flasks containing 10 g of pretreated substrate, crude enzyme extract, 100 mL 0.1 M acetate-phosphate buffer (pH 5.5), and 200 mL antibiotic solution (streptomycin-penicillin 10 U mL 21 ) to prevent microbial contamination. The loading of cellulase, hemicellulase, and amylase were 30 U gds 21 (g of dry substrate), 5 U gds 21 , and 70 U gds 21 , respectively. The flasks were incubated at 508C in a rotary incubator at 100 rpm for 48 h. Further, samples were centrifuged at 6000 g for 10 min and the supernatant was collected and analyzed for the content of reducing sugars.
Statistical Optimization of Hydrolysis Conditions by BoxBehnken Design. A three level four-factorial Box-Behnken design (BBD), was employed in order to evaluate the influence of temperature, pH, substrate concentration, and surfactant concentration on the hydrolysis yield of the substrate. Hydrothermally pretreated PPR was used as a model substrate. An analysis at different levels (high, medium, and low) represented by coded symbols 11, 0, 21, respectively, was performed for each variable. The variable input parameters were temperature (30-608C), pH (5-8), substrate concentration (2-10%w/v), and surfactant concentration (0-1% v/v); the concentration of reducing sugars was the output parameter. All statistical analyses were conducted using Minitab version 17 (Minitab, USA). The mathematical relationship between the output (reducing sugars concentration) and the independent variables (temperature, pH, substrate concentration, and surfactant concentration) could be presented by this equation (Eq. 1).
where Y is the predicted value of the concentration of reducing sugars, a 0 is the constant, 
Acid hydrolysis of PPR
Hydrochloric acid (HCl) was used to achieve acid hydrolysis of PPR according to a previously described method. 26 Hydrothermally pretreated PPR (10 g) was dispersed in 5% (v/v) HCl solution at a solid to liquid ratio of 1:10 (w/v) before being heated at 1008C for 120 min. Further, the pH of the mixture was adjusted to 5 with NaOH solution (2M) and filtered to remove solid particles.
Bioethanol production
In the first step, acid, and enzyme hydrolysates were compared for bioethanol production.PPR hydrolysates obtained from both enzyme and acid hydrolysis were used as substrate. In the second step, the effect of nitrogen addition on bioethanol production from enzyme hydrolysate was tested. Three different alcoholic fermentation experiments were conducted as below: without nitrogen addition, with ammonium sulfate addition (0.15 g L
21
), and with peptone addition (1 g L
). The choice of the inorganic nitrogen concentration is based on a previous study 27 and the choice of peptone concentration is based on the research reported by Fundora et al. 28 Inoculums were prepared as follows: S. cerevisiae was grown in 100 mL of PPR hydrolysate(acid or enzyme) for 16 h at 308C on a rotary shaker at 100 rpm (Stuart, France). Further, precultures were centrifuged (10 min at 5000 g, 48C) and cell pellets were re-suspended in 0.9%sterile saline and used as inoculum. Batch cultures were conducted in 1.8 L bioreactor (Infors HT, Switzerland) containing 0.5 L of culture medium inoculated with 15% (w/v) of S. cerevisiae preculture. Cultures were incubated at 308C at a stirring speed of 250 rpm and air flow of 0.6 NL min
. The pH was adjusted to5 with HCl (1 M) and NaOH (1M). Samples were withdrawn at regular intervals and centrifuged at 13800 g for 5 min at 48C. The supernatant was analyzed for the content of reducing sugars and ethanol. All experiments were performed in duplicates and results are expressed as mean 6 standard deviation.
Analytical methods
Determination of the Contents of Cellulose, Hemicellulose, Starch, and Lignin. The contents of cellulose, hemicellulose, and lignin in untreated and pretreated PPR samples were determined as described earlier. 29 Substrate (10 g) was dispersed in 100 mL H 2 SO 4 solution (72%, v/v) and boiled for 4.5 h to ensure a total hydrolysis of cellulose and hemicellulose. The filtrate obtained after the acid treatment was analyzed for the content of glucose and reducing sugars by a glucose oxidase/peroxidase assay kit (Biomaghreb, Tunisia) and dinitrosalisylic acid method, 30 respectively. The residual solid fraction was dried at 1058C for 24 h, weighed, and referred as R 1 before being heated at 6008C for 5 h. After cooling, it was weighed and referred as R 2 .
Cellulose content in treated and untreated PPR was determined using the following equation (Eq. 2)
where 0.9 coefficient is the ratio of molecular weights of cellulose to glucose, 0.96 coefficient is the saccharification yield, G is the glucose concentration (g L 21 ), V is the total volume of sugar solution (L), and D W is the dry weight of the PPR samples.
Hemicellulose content in treated and untreated PPR was determined using the following equation (Eq. 3)
where 0.88 coefficient is the ratio of molecular weights of hemicellulose and the hexose monomer, the 0.96 coefficient is the conversion yield of xylane to xylose, G is the glucose concentration (g L 21 ), R S the concentration of reducing sugars (g L 21 ), V is the total volume of sugar solution (L), and D W is the dry weight of the PPR samples.
Lignin content in treated and untreated PPR was calculated using the following equation (Eq. 4)
Starch content of untreated and pretreated PPR was determined according to a previously described method. 31 Substrate (0.5 g) was dispersed in 100 mL of boiling distilled water and the solution was cooled at room temperature and filtered. To 10 mL of the filtrate, 1 mL of iodine solution (0.1 M) was added, and after 1 min, 2 mL of 20% (w/v) acetate potassium solution was added. The starch iodide complex coagulated in about 5 min. Further, the precipitate was filtered, washed with 200 mL of 80% ethanol before drying in the oven at 1008C for 12 h, and weighed. Fourier Transformed Infrared Spectroscopy Analysis. Fourier transformed infrared spectroscopy (FTIR) was performed on a Perkin Elmer Spectrum-Two Spectrometer. A total of 25 cumulative scans were recorded per sample in the range from 4000 to 400 cm 21 with the resolution of 4 cm 21 .
Morphological and Structural Analysis by Scanning Electron Microscopy. Morphological and structural analysis of untreated and pretreated PPR was performed using a Quanta 200 FEI (Hillsboro, Oregon) scanning electron microscope (SEM). Samples used in this analysis were fixed on an aluminum support and then subjected to the gold metallization process.
Determination of Reducing Sugars. The concentration of reducing sugars in different samples was determined according to a previously described method. 30 Calculation of Hydrolysis Yield. Hydrolysis yield was determined as previously described 32 (Eq. 5):
Hydrolysisyieldð%Þ5 reducingsugarsformed30:9 totalcarbohydratecontent ðstarch; cellulose; hemicelluloseÞ insubstrate 3100
Determination of Hydroxymethylfurfural. Hydroxymethyl furfural (HMF) was determined in acid and enzyme hydrolysates according to a previously described method. 33 Analysis was carried out by Knauer high-performance liquid chromatography (HPLC) system equipped with C18 (4 3 250 mm 2 , 8 mm, Phenomenex) column. The analysis was performed at a flow rate of 1 mL min 21 and at 308C with 5% acetic acid (w/v) in water/methanol (80:20) as the mobile phase. The detection of HMF was performed by UV detector (Knauer) at 285 nm.
Determination of Ethanol Content. The ethanol concentration was determined according to the method described earlier. 27 Analysis was performed using a Knauer HPLC system equipped with a refractive index detector (Knauer). REZEX ROA (7.8 3 300mm
2 , 8 mm, Phenomenex) was used as the HPLC column. The temperature of the column was adjusted to 658C. H 2 SO 4 (0.025 N)was used as mobile phase at a flow rate of 0.6 mL min 21 .
Results and Discussion
Characterization of untreated and pretreated PPR
In this study, three pretreatment methods were investigated with the aim to determine the optimum conditions that can maximize enzyme hydrolysis of PPR. For that purpose, PPR was first dispersed either in water, 1% (v/v) H 2 SO 4 , or 1%(w/v) NaOH, followed by incubation at 1218C for 30 min. Modifications in the substrate structure and chemical composition after each physicochemical pretreatment were evaluated by FTIR, SEM; the determination of contents of cellulose, hemicellulose, starch and lignin was done after each pretreatment and compared to those of untreated PPR.
As shown in Figure 1 , the contents of starch, cellulose, lignin, and hemicellulose in PPR are equal to 42 33.5, 4.7, and 5.5%, respectively. After alkaline pretreatment, they decreased to 25.4, 22.4, 1.1, and 2.8, respectively, whereas upon acid pretreatment, they decreased to 10.1 20, 2.2, and 1.9%, respectively. This indicates that 76% starch, 40.2% cellulose, 52.1% lignin, and 95.3% hemicellulose present in untreated PPR could be degraded to 10.1, 20, 2.2, and 1.9%, respectively, by acid pretreatment. In contrast, hydrothermally pretreated PPR composition did not show significant modification as compared to that of untreated PPR and the content of starch, cellulose, lignin, and hemicellulose contents were noted to be 40.7, 34.8, 4.5, and 5.4%, respectively. Hydrothermal pretreatment modifies physical structure of the lignocellulosic substrate while minimizing its degradation, which differs from acid and alkali pretreatments.
Hydrothermal pretreatment is known to hydrate the crystalline structure of cellulose and convert it to an amorphous form which is more accessible for enzyme digestion without its degradation into monomers of glucose. 34 Moreover, hydrothermal pretreatment maximized the solubilization of starch while preventing its degradation into sugar monomers. 35 Conversely, under acid or alkali conditions, polysaccharides could be partially degraded. 36 The comparison of FTIR spectra between pretreated PPR and untreated PPR highlighted that pretreatment induces some specific structural modifications in PPR (Figure 2) .
The intensity of the characteristic hemicellulose band at 1028 cm 21 decreased in alkali and acid pretreated PPR, indicating that hemicellulose was partially hydrolyzed during these two pretreatments and, more intensively, under acid conditions. The intensity of the peak at 3340 cm 2 1 attributed to OH group in lignin chain decreased more considerably upon alkali treatment than the hydrothermal and acid treatment. 37 Alkali treatment is known to remove lignin fraction. 38 The intensity of the peak at 1157 cm 21 attributed to CAOAC bond in the cellulose chain decreased more considerably upon acid treatment than alkali pretreatment indicating a partial degradation of cellulose. 39 However, the intensity of the same peak does not show a remarkable decrease in the case of hydrothermally pretreated PPR in comparison with untreated PPR. Peaks at 1430 and 900 cm 21 were attributed to "crystalline" and "amorphous" forms of cellulose, respectively. The ratio of absorbance (A 1430 /A 900 ) could be defined as an empirical "crystallinity index." 40 The intensity of band at 1430 cm 21 decreased slightly in hydrothermal and alkali pretreated PPR, and more considerably, in acid pretreated PPR. In contrast, the intensity of band at 900 cm 21 increased in alkali and hydrothermally pretreated PPR as compared to that in untreated PPR. In the case of acid pretreated PPR, the same peak shifted to a higher wavenumber (ca. 5 cm 21 ) and showed a remarkable increase in intensity. Hence, it can be reported that the crystallinity index of cellulose decreased in all pretreated samples, especially, after acid pretreatment. The intensity of peaks at 2931 and 1600 cm 21 attributed to methyl group and carbonyl groups, respectively, in the starch chain decreased slightly, in the case of hydrothermally pretreated PPR and more considerably in the case of alkali and acid pretreated PPR. 41 Moreover, the band at 1000 cm 21 splits into two bands at 996 and 1017 cm 21 in the case of hydrothermally pretreated PPR. Such a split is correlated to a change from native to gelatinized form of starch. 41 Figure 3A-D shows SEM images (morphological and structural surfaces) of PPR samples subjected to different pretreatments. The untreated PPR sample shows an even, regular, and smooth surface which indicates that the surface structure is rigid ( Figure 3A ). In addition, the sample is covered by starch on the surface. Figure 3B , relative to hydrothermally pretreated PPR, shows the presence of small holes on surfaces. However, the surface was still observed to be rigid and covered by starch. Figure 3C represents the structure of alkali pretreated PPR sample. It was observed that the substrate presents an uneven and broken surface. The fragments were detached from the initial surface in addition to a partial removal of starch from the surface. As shown in Figure 3D , a fragile and broken surface with total removal of starch from surface could be observed after acid pretreatment of PPR. These results highlight that different pretreatments lead to some modifications in the structure and chemical composition of PPR. These modifications would either favor or hinder enzyme hydrolysis.
Effect of different pretreatments on enzyme hydrolysis of PPR
The concentration of reducing sugars and saccharification yields obtained for PPR samples subjected to different pretreatments are shown in Table 1 .
The concentration of reducing sugars released by enzyme hydrolysis was significantly different depending on the substrate used. The highest yield of reducing sugars (57.8 6 2.1 g L
21
) was obtained from hydrothermally pretreated PPR followed by alkali pretreated PPR (33.6 6 1.5 g L
), and the lowest yield was obtained from acid pretreated PPR (15.3 6 0.43 g L 21 ). Moreover, the highest yield of hydrolysis (63%) was obtained from hydrothermally pretreated PPR followed by alkali pretreated PPR (58%) and the lowest yield of hydrolysis was obtained from untreated PPR (20%). Therefore, the pretreatment method has a significant effect on the yield of reducing sugars generated by enzyme hydrolysis. We have shown that pretreatment modifies both the structure and composition of the substrate. Consequently, these modifications could affect the enzymatic saccharification. Hydrothermal pretreatment seems to be the most appropriate method for PPR pretreatment prior to enzymatic saccharification. Moreover, this method does not require the utilization of chemicals, such as acid or alkali, and thus lead to a more eco-friendly process. In subsequent experiments, hydrothermal method was used for the pretreatment of PPR before enzyme hydrolysis. The effects of pretreatment methods on hydrolysis yield were extensively discussed in the literature. However, no standard method could be defined since they are specific to each biomass studied. Wang et al. 42 investigated the effect of two different alkali pretreatments (i.e., NaOH and calcium hydroxide (CaOH)) on the enzyme hydrolysis of Coastal Bermudagrass. They report that NaOH pretreatment was more efficient than CaOH to improve the yield of reducing sugars. In the same line, Sukumaran et al. 43 reported that alkali pretreatment of rice straw and water hyacinth biomasses resulted in a higher yield of reducing sugars than that obtained by acid pretreatment.
Optimization of enzyme hydrolysis of hydrothermally pretreated PPR by Box-Behnken design
To optimize the enzyme hydrolysis step, three level fourfactorial BBD was applied to examine parameters that influence the yield of reducing sugars from the enzyme hydrolysis of hydrothermally pretreated PPR. Temperature, pH, substrate concentration, and surfactant concentration were selected as variable input parameters. The concentration of reducing sugars was used as the output parameter. Experimental results as a function of temperature, pH, surfactant concentration, and substrate concentration are shown in Table 2 . Maximum concentration of reducing sugars (77.1 g L
21
) was observed at temperature of 458C, pH of 5, substrate concentration of 10%, and surfactant concentration of 0.5%. where V 1 , V 2 , V 3 , and V 4 are temperature, pH, substrate concentration, and surfactant concentration, respectively. The analysis of the p-value of each variable suggests that surfactant concentration is not a significant parameter (P >0.05). In addition, only the quadratic variables, V 1 and V2, and the interactions between V 1 and V 3 , V 2 and V 3 were found to be significant in the model (P < 0.05). Hence, a statistically significant model taking into account only the significant variables could be written as follows (Eq. 7):
Y 5 2291:7 1 9:65 V 1 1 50:4 V 2 1 2:17 V 3 2 0:1069
The summary of the analysis of variance (ANOVA) and the Ftest for the selected quadratic model is presented in Table 3 . The low P value shows the good fit of the quadratic model. The correlation coefficient (R 2 ) was calculated to be 0.91, indicating that there was good agreement between predicted and experimental concentrations of reducing sugars under different conditions of pH, temperature, and substrate concentration.
In contrast to our report, many reports underline the importance of surfactants to enhance the enzyme hydrolysis of biomass. The mechanism of this phenomenon has not been established but the effect of surfactant on biomass hydrolysis may be attributed to its ability of adsorption to lignin, thus preventing unproductive binding of the hydrolytic enzymes to the latter and resulting in increased hydrolysis yield. 17 Shindu et al. 44 demonstrated that the utilization of surfactant such as Tween 80 enhances the enzyme saccharification of sugarcane bagasse. Moreover, some researchers demonstrated that using Tween 80increased the hydrolysis yield of pretreated wheat straw. 20 These contradictory observations could be related to the nature of the substrate hydrolyzed. In fact, Kim et al. 45 reported that the effect of surfactant on the biomass digestibility is highly dependent on the biomass considered. They reported that surfactant (Tween 80) increased the enzyme hydrolysis of untreated newspaper significantly, whereas, its effect on the hydrolysis of pretreated newspaper was marginal. Surface plots representing the interaction between a pair of significant factors from Eq. 6 on hydrolysis of pretreated PPR were used to highlight the interaction between variables and to determine the optimum value of each factor that led to maximum hydrolysis yields.
A. Effect of pH and temperature on reducing sugars concentration; B. Effect of pH and substrate loading on reducing sugars concentration; C. Effect of temperature and substrate concentration on reducing sugars concentration.
The effect of interaction between pH and temperature on the concentration of reducing sugars is shown in Figure 4A . At low temperature, the concentration of reducing sugars was low. Significant improvement in content of reducing sugars was noted by increasing the temperature. When the temperature was set at middle level (458C) and pH was set at low level (5), the concentration of reducing sugars reached maximum level (77 g L 21 ). However, beyond 458C, there was a reduction in the concentration of reducing sugars. Temperature is known to be a key factor affecting enzymatic reaction. High temperature decreases the hydrolysis yield due to the inactivation of enzymes. 46 The effects of pH and substrate concentration on the hydrolysis of PPR are shown in Figure 4B . At low substrate concentration (2%) and pH higher than 5, the content of reducing sugars decreased significantly. pH is known as an important factor that significantly affects the enzyme activity. 46 Similar to substrate concentration, the yield of reducing sugars increased with increasing substrate concentration. This surface plot shows that low pH (5) and high substrate concentration (10%), yielded maximum concentration of reducing sugars.
The effects of temperature and substrate concentration on the hydrolysis of PPR are shown in Figure 4C . High yields of reducing sugars are obtained for mild temperature (458C) and high substrate concentration (20%). Substrate concentration is considered as a key factor that affects the enzymatic reaction. 20 It is worth mentioning that these surface plots present local maxima. They are probably due to a specific combined effect of the tested parameter on enzymatic activity. However, we focus only on global maxima in this study.
To verify the validity of the model, three experiments were conducted within the range of experimental design. The concentration of reducing sugars was determined and compared with the predicted values (Table 4) . In all experiments, the experimental data were in good agreement with the predicted values. Therefore, the empirical model developed was reasonably accurate and presents an efficient tool to optimize the conditions for enzyme hydrolysis of hydrothermally pretreated PPR.
Comparison between acid and enzyme hydrolysis in ethanol fermentation
To evaluate the efficiency of hydrolysis of PPR with the crude enzyme mixture, PPR was hydrolyzed by acid solution. Acid hydrolysis of lignocellulosic biomass is widely used to ensure the conversion of complex carbohydrates into monomers of sugars. 47 Acid and enzyme hydrolysates were compared in terms of reducing sugars generated, HMF contents, and ethanol yield after fermentation step.
As shown in Table 5 , the total amount of reducing sugars obtained after acid and enzyme hydrolysis was slightly different. Nevertheless, ethanol yield was higher in the case of enzyme hydrolysate (0.26) than that in acid hydrolysate (0.17). The lowest consumption of reducing sugars in the medium prepared from acid PPR hydrolysate suggested the existence of inhibitory metabolites in the medium. The inhibition of the fermentation when acid hydrolysate was used could be explained by the presence of HMF (1.7 g L 21 ) in the medium, which is recognized as a strong inhibitor of yeast growth. 48 HMF results from the breakdown of hexoses during acid hydrolysis and could exert a strong inhibitory effect on alcohol dehydrogenase and aldehyde dehydrogenase. 49 It has been reported that HMF at concentration higher than 0.5 g L 21 results in decreased glucose consumption and ethanol production yield. 50 
Effect of nitrogen supplementation on ethanol fermentation
Enzyme hydrolysates of hydrothermally pretreated PPR with or without nitrogen supplementation were used as substrate for ethanol production. As shown in Table 6 , peptone supplementation led to a slight increase in ethanol production as compared to that in the nonsupplemented medium. However, a significant improvement of ethanol production was observed in the medium supplemented with ammonium sulfate. The yield of ethanol increased from 0.26 g g 21 in the control medium (without nitrogen addition) to 0.4 g g 21 in the ammonium sulfate-supplemented medium. Currently, the supplementation of the culture medium with inorganic nitrogen is known to boost fermentation metabolism in yeast cultures. 27, 51 Limited reports on bioethanol production from potato waste are published. Arapoglou and colleagues 7 revealed that the hydrolysis of potato peel waste with a combination of three commercial enzymes released only 18.5 g L 21 reducing sugars and produced 7.6 g L 21 of ethanol. Similarly, Khawla et al. 26 used a combined mixture composed of commercial amyloglucosidase and an onsite produced amylase UEB-S for the hydrolysis of potato peel residues. Under optimal conditions of hydrolysis and fermentation, 69 g L 21 of reducing sugars and 21 g L 21 of ethanol were released.
A large number of authors have studied bioethanol production from different feedstocks. In their study, Kima et al. 52 reported that enzymatic hydrolysis of barley hull by xylanase and cellulase released 47 g L 21 of reducing sugars and 24.1 g L 21 of ethanol. In their research, Gouvea et al. 53 reported that batch fermentation of coffee husks released 13.6 g L 21 of ethanol. Compared to these reports, the amount of ethanol reported here (30 g L 21 ) is higher.
Conclusion
The main limitation to the utilization of enzymes in bioethanol production is the production cost. Hence, any strategy that can lower the production cost encourages their application at the industrial scale for bioethanol production. In this study, we proposed a process for bioethanol production that uses PPR as feedstock. The process involves the utilization of complex hydrolytic enzymes produced through solid-state fermentation based on a co-culture of A. niger and T. reesei using PPR as a substrate and solid support. The choice of the pretreatment method can considerably influence the efficiency of the hydrolysis step. Here, it was demonstrated that hydrothermal pretreatment of PPR led to a higher release of reducing sugars as compared to that in acid and alkali pretreatment. A response surface methodology was used to optimize the enzyme hydrolysis of pretreated PPR for production of reducing sugars. It has been shown that substrate concentration, pH, and temperature have significant effects on the enzymatic conversion of polysaccharides contained in the pretreated PPR. A trial was conducted to evaluate the convertibility of released reducing sugars into ethanol, which showed that 30 g L 21 of ethanol could be obtained when 0.15 g L 21 of ammonium sulfate was added to the fermentation medium. A comparative study between acid and enzyme hydrolysis of PPR was investigated. Results show that enzyme hydrolysis offers high yield of bioethanol production than acid hydrolysis. Based on these results, it could be considered that 0.1 million tons of ethanol could be retrieved per million tons of PPR per year. These results are highly promising and offer an interesting strategy for potato peel valorization.
